The DAF1-1 mutation reduces cell size and reduces or eliminates G i phase in Saccharomyces cerevisiae, and results in tt-factor resistance. DAF1-1 cells transferred into low cycloheximide express an increased G i phase in their cycle, suggesting that G i regulation is present but cryptic in the DAF1-1 cycle in rich medium. DAF1-1 reduces cell size by the criterion of R N A content per cell as well as cell volume. The ft'-factor resistance of DAF1-1 cannot be suppressed by bypassing the pheromone-receptor interaction with 'signalling-constitutive' mutations, suggesting that pheromone binding and initial signalling is normal in DAF1-1 strains, but that division arrest in response to the signal is specifically defective. Consistent with this idea, the cdc28-13 mutation significantly suppresses DAF1-1 »-factor resistance at permissive temperature; CDC28 is a gene required specifically for START and the Gi/S transition, and does not affect pheromone response.
reduce cell size and shorten or eliminate G i. a-factor arrests cells before START (Bucking-Throm et al. 1973; Pringle and Hartwell, 1981) by an unknown mechan ism. The or-factor resistance of DAF1-1 strains might also suggest an alteration of START regulation by this mutation.
Cell size parameters
It is important to establish that the small volume of DAF1-1 cells is correlated with corresponding decreases in content of other cell constituents. Flow cytometry can be performed using propidium iodide staining (without prior RNase treatment) as a stain for total nucleic acids (mostly R N A ). Wild-type cells and DAF1-1 cells were tested for electronic volume distribution, or for distribution of fluorescence intensity following staining. The distributions were qualitatively similar for each genotype, and different between genotypes; therefore DAF1-1 reduces several parameters of cell size ( Fig. 1) . Similar results were obtained using F IT C as a flow-cytometric stain for cell protein content (Vanoni et al. 1983 ) (data not shown). Carter and Sudbery (1980) reported reduced protein content per cell caused by the WHI1-1 mutation (Nash et al. 1988) .
Gj regulation
DAF1-1 in high copy results in a very short G i period (Cross, 1988; Nash et al. 1988) . Flow cytometry profiles for a wild-type and a high-copy DAF1-1 strain are shown in Fig. 2A and B, top left panels. The DAF1-1 profile shows no obvious G j peak. However, its rather smeary character makes it somewhat hard to evaluate. Unlike mammalian cells, yeast cells show no requirement for protein synthesis for completion of D N A replication after the CDC4 step (a step in G j) is complete (Hereford and Hartwell, 1974) . Therefore, the proportion of cells which can complete D N A replication in the absence of protein synthesis is a rough measure of the cells past the CDC4 step (neglecting the small number of cells that can divide in the absence of protein synthesis). For this reason, wild-type and DAF1-1 cultures were treated with 100 /¿g m l-1 of cycloheximide for 2 h to 'chase' S phase cells into G 2 ( Fig. 2A and B, top right panels). Under these conditions, a G i peak is revealed in the DAF1-1 strain which is very much reduced compared to the wild-type G j peak. Therefore, the apparent lack of a G j peak observed with DAF1-1 strains previously is not an artifact of poor resolution in flow cytometry with these cells, but reflects a genuine alteration in cell cycle kinetics.
It
is not yet clear which compartment of the cell cycle is expanded by the DAF1-1 mutation to replace the loss of G i , since the cell number and mass doubling times are little affected by the mutation. This is an important point to establish clearly for understanding the coordination of growth and division in DAF1-1 strains, since they lack the cell cycle phase in which this coordination occurs in wild-type strains. Preliminary results suggest that restriction of growth by low concentrations of cycloheximide identifies an execution point for rapid protein synthesis in late G i in wild-type strains, as expected (Popolo et al. 1982; Moore, 1988) , and an execution point later in the cycle (late S or early G 2 ) for DAF1-1 strains (data not shown).
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Cell volum e (arbitrary units) Cell RNA content (arbitrary un However, this response may be complex, since growth of DAFl-1 strains in low cycloheximide results in the emergence of a substantial G i population ( Fig. 2A 
Specific loss of division arrest in pheromone response pathway
Mutations in the gene SCG1 (= GPA1) cause constitutive activation of the phero mone signalling pathway, resulting in arrest or very slow growth in pheromoneresponsive cells (Dietzel and Kurjan, 1987; Miyajima et al. 1987; Jahng et al. 1988) . D A F l-l suppresses this phenotype (Cross, 1988) . If this suppression occurs by blocking division arrest specifically, rather than interference in the process of signal transduction, then D A F l-l scgl~ strains should show high (induced) levels of ar-f actor-induced mRNAs. A test of this prediction is shown in Fig. 3 STE4-Hpl strains to lose the M AT a plasmid (data not shown). Therefore, the o"-factor resistance of DAF1-1 cannot be bypassed by constitutive activation of the pathway, at least using the constitutive signalling mutations so far identified. This suggests that DAF1-1 inhibits division arrest in response to cr-factor via a direct effect on cell cycle control, rather than via an effect on the mechanism of signal transduction.
Interactions with CDC28
Nash et al. (1988) detected homology between cyclin and W HI1. Recent evidence strongly suggests that in embryonic cell cycles, cyclins might be the proximal activators of maturation-promoting factor (M PF), the master oscillatory regulator of mitosis (Kirschner et al. 1985; Swenson et al. 1986; A. Murray, personal communication al. 1982) , functions both at START and at mitosis (Nurse and Bissett, 1981) , and the suggestion has been made (Nurse, 1985) that this may also be true of CDC28 in S. cerevisiae, but that the biology of the 5. cerevisiae cell cycle may obscure the mitotic involvement. Piggott et al. (1982) presented evidence supporting a post-START role for CDC28. While the possibility of involvement of CDC28 in mitotic control is not completely resolved, it appears indisputable that CDC28 plays a positive role for START transit. The DAF1-1 phenotype is consistent with unregulated START transit; a specific hypothesis might be that Dafl-1 (and the wild-type W hi+/ D a f l + ) might work by activating Cdc28 at the START transition. The dominant mutant form might accumulate faster to higher levels, or might have an intrinsically greater ability to activate Cdc28 at lower levels, than the wild-type W h il+/D a fl + . The sequence homology between WHI1 and cyclins (Nash et al. 1988 ) and recent evidence that cyclins function in mitotic control by activating M PF also suggests by analogy that D afl might activate Cdc28.
I have constructed cdc28-13 D A F l-l strains. cdc28-13 partially reverses the phenotype of D A F l-l at permissive temperature, ar-factor sensitivity is greatly increased, although not to wild-type levels, by cdc28-13 at 30°C (Fig. 4) . This result combines with the scgl ~ and STE4-Hpl suppression discussed above to suggest that the failure to arrest division in response to a-factor occurs via a direct effect on cell cycle control.
The Gj-less phenotype of high-copy D A F l-l strains is also partially suppressed at 30°C by cdc28-13 (Fig. 5) . The results of temperature shift are presented in Fig. 5 , right panels: cdc28-13 gives an apparent first-cycle G i arrest in the presence or Concentration of ar-factor (m ) Fig. 4 . a-factor resistance of D AFl-l is partially suppressed by cdc28-13. A cdc28-13 strain in the 381G background (obtained from D. Jenness) was crossed to an '8XDAF1-1' strain, and recombinant haploid MATa strains (all barl~) were generated. Circles, d a fl+; squares, 8XDAF1-1; filled symbols, CDC28+; open symbols, cdc28-13. Cultures were grown to mid-log phase at 30°C, which is permissive for cdc28-13. ai-factor was added at the indicated concentrations, and 3 h later the cultures were fixed and sonicated, and the percentage of unbudded cells determined.
30°C
37°C, 2h Fig. 5 . G i arrest by cdc28-13 in a DAF1-1 background. Strains such as those described in the legend to Fig. 3 were grown to mid-log phase at 30°C and shifted to 37°C for 2h. Cultures were processed for flow cytometry; the percentage of unbudded (UB) cells was also determined (numbers inset in flow cytometry profiles).
absence of high-copy DAF1-1. A second strain of each genotype was tested in parallel and gave similar results. These results suggest but do not prove that CDC28 functions downstream of DAF1-1 in START control.
Although not definitive, these results fail to uncover strong evidence of a G 2/M execution point of CDC28, even though a much larger proportion of DAF1-1 cdc28 cells in asynchronous culture are past G j and before M (since the proportion of binucleate cells is almost identical in all the preshift cultures in this experiment; data not shown). However, this result may be misleading because of the partial suppression of DAF1-1 by cdc28-13\ also the possibility cannot be ruled out that cdc28-13 is specifically temperature-sensitive for its Gi/S role rather than for its putative later role. (The selection scheme used to isolate cdc28-13, which required first cycle arrest in G j [Reed, 1980] could be biased in favor of such specific alleles.) Fig. 6 . Cell volume distributions of haploid strains. Diploid strains heterozygous for various constructs integrated at TRP1 were sporulated and dissected. Haploid strains from two complete tetrads (eight strains) derived from each heterozygous diploid were grown to mid-log phase at 30°C, and volume distributions determined as in the legend to al. 1987 ; data not shown) makes this very unlikely. Two possibilities remain:
(1) d a fl+ could be a member of a family of functionally related and redundant genes, or (2) d a fl+ modulate the setpoint of a basic size control system composed of functionally distinct components, with a default value which is observed in d a fl~ cells. Other S. cerevisiae genes with cyclin homology have been isolated as high-copy suppressors of cdc28ts mutations (S. Reed, personal communi cation). Perhaps these genes form a family of cyclin homologs functioning at the Gi/S transition in S. cerevisiae.
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